Abstract: This paper presents a comparison between a fuzzy logic controller and a conventional IP controller used for speed control with a direct stator flux orientation control of a doubly fed induction motor. The effectiveness of the proposed control strategy is evaluated under different operating conditions such as of reference speed and for load torque step changes at nominal parameters and in the presence of parameter variation. Simulation results show that the fuzzy logic controller is more robust than a conventional IP controller against parameter variation and uncertainty, and is less sensitive to external load torque disturbance with a fast dynamic response. Keywords: direct stator flux orientation control, doubly fed induction motor, fuzzy logic controller, Fuzzy PI controller, conventional IP controller.
Introduction
Due to many freedom degrees, the Doubly Fed Induction Machine (DFIM) presents several advantages as well as motor application in high power applications such as traction, marine propulsion or as generator in wind energy conversion systems like wind turbine, or pumped storage systems [1] .
The DFIM has some distinct advantages compared to the conventional squirrel-cage machine. The DFIM can be fed and controlled stator or rotor by various possible combinations. Indeed, the input-commands are done by means of four precise degrees of control freedom relatively to the squirrel cage induction machine where its control appears quite simpler. The flux orientation strategy can transform the non linear and coupled DFIM-mathematical model to a linear model conducting to one attractive solution as well as under generating or motoring operations [2] , [3] .
Several methods of control are used to control the induction motor among which the vector control or field orientation control that allows a decoupling between the torque and the flux, in order to obtain an independent control of torque and the flux like DC motors [4] . Therefore, decoupling the control scheme is required by compensation of the coupling effect between q-axis and d-axis current dynamics [4] .
With the field orientation control (FOC) method, induction machine drives are becoming a major candidate in high-performance motion control applications, where servo quality operation is required. Fast transient response is made possible by decoupled torque and flux control. The most widely used control method is perhaps the proportional integral control (PI). It is easy to design and implement, but it has difficulty in dealing with parameter variations, and load disturbances [5] . Recent literature has paid much attention to the potential of fuzzy control in machine drive applications.
In the area of the control of the electric machines, the research works are oriented more and more towards the application of the modern control techniques. These techniques involve in a vertiginous way with the evolution of the computers and power electronics. This allows to lead to the industrial processes of high performances. These techniques are the fuzzy control, the adaptive control, the sliding mode control etc [6] .
Fuzzy theory was first proposed and investigated by Prof. Zadeh in 1965. The Mamdani fuzzy inference system was presented to control a steam engine and boiler combination by linguistic rules. Fuzzy logic is expressed by means of if-then rules with the human language.
In the design of a fuzzy logic controller, the mathematical model is not necessary. Therefore, the fuzzy logic controller is of good robustness. Owing to its easy application, it has been widely used in industry. However, the rules and the membership functions of a fuzzy logic controller are based on expert experience or knowledge database [7] .
In this study, we suggest a control scheme to achieve the goal of speed regulation with direct stator flux orientation control DFIM drive and fuzzy logic control (Fuzzy-PI).
Machine STATE-EQUATIONS
The electrical model of the DFIM is expressed in a (d-q) synchronous rotating frame. The control is done under the following considerations [8] : An input-output current decoupling is set for all currents; The (d-q) frame is oriented with the stator flux;
Due to the large gap between the mechanical and electrical time constants, the speed can be considered as invariant with respect to the state vector.
Under these conditions, the electrical equations of the machine are described by a time variant state space system as shown in (1) 
The mechanical equation is expressed by (2):
The electromagnetic torque is given by [8] :
Direct Stator Flux Orientation Control
In this section, the DFIM model can be described by the following state equations in the synchronous reference frame whose axis d is aligned with the stator flux vector [9] , [10] :
Substituting the equation (5) in equation (8), we obtain: 
With:
Stator Flux Estimator
For the DSFOC of DFIM, accurate knowledge of the magnitude and position of the stator flux vector is necessary. In a DFIM motor mode, as stator and rotor current are measurable, the stator flux can be estimated (calculate). The flux estimator can be obtained by the following equations [10] :
The position stator flux is calculated by the following equations:
In which:
Fuzzy Logic Controller
The structure of a complete fuzzy control system is composed from the following blocs: Fuzzification, Knowledge base, Inference engine, Defuzzification. Figure 1 shows the structure of a fuzzy logic controller. A fuzzy variable has values, which are defined by linguistic variables (fuzzy sets or subsets) such as low, medium, high, slow… where each is defined by gradually varying membership function. In fuzzy set terminology, all the possible values that a variable can assume are named universe of discourse, and fuzzy sets (characterized by membership function) cover whole universe of discourse. The shape fuzzy sets can be triangular, trapezoidal, etc [11] .
A fuzzy control essentially embeds the intuition and experience of a human operator, and sometimes those of a designer and researcher. The data base and the rules form the knowledge base which is used to obtain the inference relation R. The data base contains a description of input and output variables using fuzzy sets. The rule base is essentially the control strategy of the system. It is usually obtained from expert knowledge or heuristics; it contains a collection of fuzzy conditional statements expressed as a set of IF-THEN rules, such as: For the given rule base of a control system, the fuzzy controller determines the rule base to be fired for the specific input signal condition and then computes the effective control action (the output fuzzy variable) [11] .
The composition operation is the method by which such a control output can be generated using the rule base. Several composition methods, such as max-min or sup-min and max-dot have been proposed in the literature.
The mathematical procedure of converting fuzzy values into crisp values is known as 'defuzzification'. A number of defuzzification methods have been suggested. The choice of defuzzification methods usually depends on the application and the available processing power. This operation can be performed by several methods of which center of gravity (or centroid) and height methods are common [11] .
A. Fuzzy-PI Controller
The fuzzy controller is basically an input/ output static non-linear mapping, the controller action can be written in the form [13]:
.
. 
The Fuzzy-PI output is: . .
Where: e k is the gain of the speed error, ce k is the gain of the change of speed error, p k is the proportional factor; i k is the integral factor, e is the speed error, ce is the change of speed error, u is the fuzzy output.
The Fuzzy-PI controller in a vector-control of DFIM is used as presented in Figure 2 . Figure 5 shows the proposed membership functions for output variable. In this paper, the triangular membership function, the max-min reasoning method, and the center of gravity defuzzification method are used, as those methods are most frequently used in many literatures [11] . The inference strategy used in this system is the Mamdani algorithm. Table I , [12] .
Results and Discussion
The DFIM used in this work is a 0.8 kW, whose nominal parameters are reported in appendix.
The Fuzzy-PI controller in a DSFOC drive system as presented in Figure 2 . The Figure 6 presents the block diagram of fuzzy logic control of the DFIM using MATLAB/SIMULINK. As shown in this figure, the speed loop uses a fuzzy logic controller (Fuzzy-PI) and the stator flux is controlled by PI controller. The block "command system by PI controller" is the vector control, which to produce the quadrature-axis rotor current reference which controls the motor torque. The motor flux is controlled by direct-axis rotor current reference. Figure 7 . The Fuzzy-PI regulator shows the good performances to achieve tracking of the desired trajectory. At these changes of loads, the Fuzzy-PI regulator rejects the load disturbance very rapidly with no overshoot and with a negligible static error as can be seen in the response of speed (see Figure 7) . The decoupling of torque-flux is maintained in permanent mode.
We can see the control is robust from the point of view load variation.
In order to compare the performance of Fuzzy-PI regulator with another regulator in the same test, the Figure 8 shows the simulated results comparison of traditional IP (Integral Proportional) and Fuzzy-PI regulators of speed control of DFIM under load variation. The Fuzzy PI controller based drive system can handle the sudden change in load torque without overshoot and undershoot and steady state error , whereas the IP controller has steady state error and the response is not as fast as compared to Fuzzy PI controller. Thus the proposed controller has been found superior to the conventional IP controller. 
B. Speed Reversal of Rated Value
In the second test, speed reversal of (157, -157 rad/s), with a load of 5N.m applied at t = 0.6 s. Figure 9 presents the responses of speed, torque, stator flux and rotor current versus time under speed reference reversal. The speed follows its reference value without overshooting. Figure 10 shows the result under the steady state and the transient condition i.e. step change in load torque at t=0.6 s and speed reversal stage at t=1s for the Fuzzy PI controller and conventional IP controller from which it can be see that the speed reached the rated value in very short period for the Fuzzy PI controller. . 
C. Robust Control for Different Values of Rotor Resistance
In order to verifier the robustness of Fuzzy-PI regulator under motor parameters variations, we have simulated the system with different values of the parameter considered and compared to nominal value (real value), one case is considered:
The rotor resistance variations (increase at 50 % of nominal value rotor resistance). Figure 11 shows the responses speed, torque and stator flux in the test of robustness for different values of rotor resistance.
The results indicate that the Fuzzy-PI regulator is insensitive to the rotor resistance change, which results in the no influence on the torque and stator flux. For the robustness of control, an increase of the resistance does not have any effect on the performances of the proposed controller.
The fuzzy control gives to our controller a great place towards the control of the system with unknown parameters. 
Conclusion
In this paper, we have proposed a fuzzy logic controller for the speed control of doubly fed induction motor with a direct stator flux orientation control. The effectiveness of the proposed controller has been tested on DFIM in comparison with conventional IP controller under different operating conditions. The fuzzy PI regulator proves robustness against rotor resistance variation and insensitivity to load torque disturbance as well as faster dynamics with negligible steady state error at all dynamic operating conditions. Simulation results have shown correct stator flux oriented control behaviour and speed tracking performances. 
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